Recent years have seen an increase in the number of publications on bat migration and an overall growing interest among bat researchers that culminated in the 1st International Symposium on Bat Migration in Berlin in January 2009. Here, we summarize the most recent findings about the biology and behavior of migratory bats and the phenomenon of bat migration, discuss the methods that were used to obtain them, draw attention to the challenges that migratory bats face in our changing world, and provide a few suggestions that may encourage researchers to conduct further work in this promising field.
For more than a century it has been known (or at least suggested) that some bats, like many birds and other animals, migrate seasonally. In 1897, Miller noted seasonal occurrences of North American tree bats, which he assumed to be migratory, and he lamented that bat migration had received so little attention. A century and a decade later, our understanding of bat migration has increased substantially, thanks to the efforts of many scientists, most of whose works have been compiled in a review by Fleming and Eby (2003) . Interest in the field continues to increase, and the years following their review have seen a significant number of revealing publications on bat migration. Evidence of this emerging interest, and possibly of the concern generated by current ecological challenges such as climate change and the often controversial fight for ''green'' energy sources, is the recent meeting of the 1st International Symposium on Bat Migration in Berlin, Germany, 16-18 January 2009, with the participation of almost 300 scientists and conservationists from around the world. However, bat migration still poses more questions than answers, and its study lags far behind the large volume of literature on bird migration. In this Special Feature we present 7 studies from the symposium that analyze novel data or summarize and discuss recent literature on bat migration. With this brief guide to the state of the art we hope to encourage others to further investigate the most promising areas of bat migration.
ECOLOGICAL AND EVOLUTIONARY DRIVERS OF BAT MIGRATION
To understand why bats migrate, we can ask what ecological and evolutionary factors drive migration, and what characteristics migratory bat species around the world have in common. Temperate bats that migrate probably do so in response to unfavorable climatic conditions during the cold season (see Fleming and Eby [2003] for relationships between latitude and bat migratory behavior). Temperate zone bats often escape the cold by hibernating in caves or buildings with relatively constant microclimates. For this reason, migration is less common in bats than in birds. Most bird species cannot hibernate and so are forced to either adapt to adverse conditions in winter or move seasonally to warmer regions. Hibernation alone, though, may not be sufficient to allow treeroosting bats to cope with cold winters, because trees offer little protection against extreme ambient temperatures. Thus, bats travel hundreds or thousands of kilometers seasonally from breeding areas to wintering areas at lower latitudes where the climate is milder and hibernation in trees less risky. Seasonal movements of temperate cave bats between summer and winter roosts are sometimes categorized as regional migrations, and it has been suggested that the driver of movements that do not follow a clear geographic trend is roost temperature (Rodrigues and Palmeirim 2007) rather than seasonal climate differences.
Tropical or subtropical migratory bats, on the other hand, may be forced to migrate because the availability and geographical distribution of their food resources shift seasonally. Moreno-Valdez et al. (2000) created a model for simulating migration in the nectarivore Mexican long-nosed bat (Leptonycteris nivalis). The model worked well when considering both food availability and season as factors controlling migration. In recent years, important advances have been made in the study of migration in flying foxes (Pteropodidae), which suggests that their movements respond to seasonally fluctuating food supplies (straw-colored fruit bat [Eidolon helvum] in Zambia [Richter and Cumming 2006] and gray-headed flying fox [Pteropus poliocephalus] in Australia [Tidemann and Nelson 2004] ) but possibly also to the search for mating opportunities or to gain information on other parts of their geographical range (Tidemann and Nelson 2004) .
Several studies suggest that in the absence of seasonal factors favoring migration, bats cease to migrate. For example, Leptonycteris curasoae in southwestern United States and northern Mexico migrates only where resources are seasonally scarce, but remains resident in latitudes where resources are continually available throughout the year (Rojas-Martínez et al. 1999) . Migratory behavior of Mexican free-tailed bats (Tadarida brasiliensis mexicana) is highly variable between adjacent populations of North and Central America (Russell et al. 2005) . Ibáñez et al. (2009) analyzed migratory patterns of the 3 species of Nyctalus on the Iberian Peninsula and concluded that both sedentary and migratory populations exist within a relatively small geographical range, with unclear boundaries between them. Partial migration and migratory flexibility are in fact common in bats (see Fleming and Eby 2003) . Sex-biased migration is also a form of partial migration. Females of most migratory bat species migrate longer distances than do males (Fleming and Eby 2003) .
The question arises as to what extent migration in bats is genetically determined. Migration in birds probably involves a series of complex genetic instructions involving both physiological and behavioral mechanisms (Alerstam et al. 2003) . Migratory behavior can nevertheless still evolve rapidly and it can appear or disappear within a few generations (Berthold 1999) . The complex array of genetic features allowing migration seems thus to have been present since a very early time in the evolutionary history of birds, becoming suppressed or ''dormant'' in sedentary species or populations but never disappearing. The later evolution of migration seems to be shaped by ecological opportunities (Alerstam et al. 2003) . Because most bat families originated in the tropics where there is little or no selection for migratory behavior, and because these areas still have by far the highest bat species richness, it is assumed that ancestors of bats were sedentary (Fleming and Eby 2003) . Still, migration is present in many different bat taxa; at least 15 bat genera contain species that are known to be long-distance migrants (Table 1) . However, almost nothing is known about the migratory status of most African and Asian bats. The Convention on Migratory Species recently released a list of African bats for which migration is suspected. The list includes 34 species (of which only 4 are listed in Table 1) belonging to the families Pteropodidae (14 species), Rhinopomatidae (2 species), Emballonuridae (3 species), Nycteridae (1 species), Rhinolophidae (1 species), Hipposideridae (2 species), Vespertilionidae (10 species), and Molossidae (1 species -Hutson 2005) . Additionally, the numerous cases of partial migration in bats show that bat migratory behavior is quite flexible. Further studies should address the evolutionary adaptability of bat migratory behavior and whether there is an inherited genetic program for migration present in migratory species and populations but absent in their sedentary counterparts. Russell et al. (2005) tested whether 4 geographically distinct populations of T. brasiliensis mexicana exhibiting different migratory tendencies (from year-round residency to long-distance migration) were genetically distinct, and found no evidence of separate gene pools. Global climate change might provide an interesting scenario for determining how fixed migratory behavior is in bat populations and how fast it might adapt to new situations.
PREPARATION FOR AND PERFORMANCE DURING MIGRATION
Migration in birds and other animals requires a series of physiological adaptations such as fat deposition, increase in muscle capacity, and even important modifications in the digestive system (McWilliams and Karasov 2005) . Whether such physiological adjustments also occur in migrating bats has not yet been specifically investigated (but see Fleming and Eby 2003) . In this Special Feature, McGuire and Guglielmo (2009) predict which physiological adaptations found in migratory birds are likely to have converged in migratory bats, and the authors pinpoint several interesting lines of research.
Migration is a complex behavior that involves certain genetically acquired or learned instructions. Our knowledge is extremely limited about how bats ''plan'' their migrations relative to their energetic requirements, departure points, timing of migration, or the routes and landmarks that they follow. Several papers in the Special Feature discuss aspects of preparation for migration. Hedenström (2009) develops a theory of bat migration that allows predictions regarding crucial aspects of migration such as timing, speed, and when and where to fuel during migration. Some recent research is focusing on places that bats select for migration, such as river valleys used as corridors (Furmankiewicz and Kucharska 2009 ) and open sea (Ahlén et al. 2009 ). Assessment of geographical preferences for bats in migration could help diminish the impact of wind energy facilities on migratory bats (Baerwald and Barclay 2009 ). Cryan and Brown (2007) relate timing of arrival and departure of migrating bats at a stopover site to environmental factors, such as wind speed, moonlight, and weather, and suggest that this information could be used to predict bat fatalities at wind turbines.
Only recently have scientists begun to investigate the ways that bats navigate during migration. Holland et al. (2006) showed that big brown bats (Eptesicus fuscus) use the Earth's magnetic field for orientation, and that they calibrate it with sunset and thus may correct directions based on their navigational map. Wang et al. (2007) demonstrated that bats use the polarity and not the inclination (as do most birds) of the magnetic field for orientation inside the roost; bats changed their hanging position inside the roost when the horizontal component of an induced magnetic field was reversed. The authors suggest that the same mechanism is probably used for long-distance navigation. Holland et al. (2008) confirmed that bats have a polarity-based detector and showed that they probably use magnetite as a compass. It remains to be investigated where this compass is located and exactly how it works.
Even if bats can follow a compass for finding their way, they will still be confronted with new, unfamiliar landscapes where they need to find food and, most importantly, to find roosts to spend the day and rest. Because most migratory bats live in trees, this involves finding available tree cavities. Forest bats dedicate a large proportion of their time to this task even in their own familiar breeding areas (Popa-Lisseanu et al. 2008; Ruczynski et al. 2007 ). During migration, bats probably have to find roosts in inhospitable habitats and compete for roosts with resident bats or those who arrived earlier. Sluiter and van Heerdt (1966) in a study on seasonal habits of the noctule bat (Nyctalus noctula) suggest that reproductive males may attract migrating females to roosts by using vocalizations. Ruczynski et al. (2007) recently showed that N. noctula has difficulty in detecting new roosts without vocalizations from conspecifics. This suggests that eavesdropping or acoustic information transfer or both might be essential for bats during migration. Other essential questions are whether bats migrate alone or follow each other during migration, and how young bats learn to find their way. Allen (1939) observed migrating eastern red bats (Lasiurus borealis) flying together in large numbers even in daylight, but little research on this subject has been conducted.
HOW DOES BAT MIGRATION AFFECT POPULATION STRUCTURE?
Another promising line of work is how migratory behavior affects mating systems and ultimately population genetic structure of bats. Bohonak (1999) demonstrated that dispersal is consistently related to population structure in all animal taxa. Migration could be considered an extreme form of dispersal, and consequently it should have a strong and predictable effect on population structure. In migratory bats, a striking example is the case of the noctule bat (N. noctula), which presents a very low degree of population structure (i.e., low genetic differentiation) across Europe and for which a large panmictic unit at least 3,000 km wide exists (Petit and Mayer 1999) . This low degree of population structure is probably a result of both high mobility of migrating females and random male dispersal (Petit et al. 2001 ). Other migratory bat species have similarly low degrees of population structures, but sedentary species do not, for they typically present high genetic differentiation between populations (reviewed in Petit and Mayer 1999; Ruedi et al. 2008 ). Using microsatellites, Racey et al. (2007) recently found important differences in population structure between the cryptic species Pipistrellus pipistrellus, the common pipistrelle, and P. pygmaeus, the soprano pipistrelle, which possibly relate to differences in dispersal and migratory behavior. Despite this apparent relationship between migration and population genetic structure, Russell et al. (2005) found no significant genetic structuring between different populations of the same species (T. brasiliensis mexicana) that showed contrasting migratory behaviors. 
METHODS FOR STUDYING BAT MIGRATION
First reports on bat migration were based on observations of the seasonal occurrence of some species in a given area (Miller 1897) and along a geographical gradient. The phenology of bat migration (e.g., timing of arrivals and departures) can thus provide important information on migratory routes (Strelkov 1969) and it continues to be a method of study today. For example, Cryan (2003) analyzed migratory patterns of North American tree bats by mapping seasonal occurrence throughout the continent from data on museum records. Seasonal variation of sex ratios of Nyctalus species in Hungary (Estók 2007) and in Iberia (Ibáñez et al. 2009 ) provides valuable information on migratory strategies of European bats.
Bat banding was initiated in North America and in Europe around the 1920s (Ellison 2008; Hutterer et al. 2005) . In North America, the so-called Bat Banding Program was implemented in 1932 and lasted until 1972, when it was discontinued because banding was causing injuries to bats, disturbances in roosts, and consequently declines of many species (Ellison 2008) . However, the program led to important findings on seasonal migrations of some cave species. For example, seasonal movements of .500 km were recorded for the little brown bat (Myotis lucifugus) and the Indiana bat (M. sodalis), and .1,000 km for the free-tailed bat (T. brasiliensis-Ellison 2008). Hutterer et al. (2005) compiled the results of .70 years of bat banding in Europe and present a comprehensive review on migration of European bats. These authors show that European migratory bats typically follow a northeast-southwest direction from their breeding to their wintering grounds. Hutterer and colleagues classify European bats as long-distance migrants, regional migrants, or sedentary species, although there is not a clear distinction between the 3 groups (Hutterer et al. 2005) . Even though banding provides accurate information on individual trajectories of migrating bats, there are limitations to the method. Because of regional biases in banding efforts, large geographical areas exist for which no information on migratory routes is available. Sufficient data have been compiled only for central European bat populations (Hutterer et al. 2005) . Banding also has been ineffective in tracking longdistance movements of migratory tree-roosting bats in North America (Cryan and Veilleux 2007) .
Another traditional way to study bat migration is to make observations at places where bats concentrate during migration. Cryan and Brown (2007) recently tested whether weather or illumination affected bat migratory activity by observing bats concentrating at an island stopover site in the Pacific Ocean. In this Special Feature, Ahlén et al. (2009) describe their studies of bat migration over open water; the authors observed bats from coastal areas where bats leave land and also from ships at sea. They combined traditional observational methods, watching bats (including with the use of spotlights) and listening to their vocalizations via bat detectors, with modern techniques, using infrared thermal cameras and tracking radar. Modern techniques such as radiotelemetry, stable isotope analysis, and use of genetic markers, have recently advanced the field of bat migration substantially. Stable isotopes have been used successfully to track movements of migratory nectarivorous bats along a nectar corridor in Central America (Fleming et al. 1993) and to assign origins of migratory tree bats in North America (Britzke et al. 2009; Cryan et al. 2004) . Population genetic approaches have proved useful in identifying migration corridors (Wilkinson and Fleming 1996) and to infer general migratory directions (Petit and Mayer 2000) . However, such indirect methods cannot provide information on migration at the level of an individual bat. Technological progress made in the field of satellite telemetry has allowed the movements of a few large pteropodids to be followed directly (Richter and Cumming 2008; Tidemann and Nelson 2004) . However, satellite telemetry remains impracticable for all but a few large species because of size constraints (Wikelski et al. 2007) . In this issue, Holland and Wikelski (2009) discuss size problems in depth and give predictions and directions of what future technological advances will be needed in order to track migratory movement of small bats. Parsons et al. (2008) recently proposed using information from aircraft strikes to study flight altitude of large bats during migration. Highaltitude movements of bats also can be observed with radar, such as tracking radar (Bruderer and Popa-Lisseanu 2005) , marine surveillance radar (Reynolds et al. 1997) , and Doppler radar (Gauthreaux et al. 2008) . However, identification of flying targets with radar is difficult. Although foraging bats can usually be distinguished by their erratic flight from birds, migrating bats can easily be confused with birds because both follow straight trajectories. Still, Doppler radar has been used to monitor colony size, direction of movement, speed of dispersion, and altitude gradients during emergence of a large colony of T. brasiliensis in Texas (Horn and Kunz 2008) 
THE FATE OF MIGRATORY BATS IN A CHANGING WORLD
Many examples of the ways climate warming is affecting distribution and survival of animal species can be found in the literature (Perry et al. 2005; Thomas et al. 2004) . Some studies have analyzed the effect of recent climate trends on migratory birds, and they conclude that changes are already being observed in timing and speed of migration, number of successful broods, proportion of residents and migrants of a species, and even overall patterns in species richness and composition of communities (Hedenström et al. 2007; Lemoine et al. 2007; Marra et al. 2005; Rivalan et al. 2007 ). To our knowledge, no study has yet addressed this issue in migratory bats, but it is predictable that bats will respond in a manner similar to migratory birds. Adams and Hayes (2008) predict that bat populations will decline with climate change as a result of increased water stress in lactating females, which lose large quantities of water because of milk production. Migration also leads to especially high rates of evaporative water loss in bats, and migrating bats need access to drinking water along the way (Fleming and Eby 2003) . We can thus expect that increased water deficiency in many regions as a result of climate warming is likely to affect migratory bat populations.
Another current topic among environmental concerns is the search for renewable and emission-free energy sources. Wind energy is a very promising alternative, and for this reason the wind energy industry is developing at an enormous rate. But this source of energy is not free from environmental impacts, because large numbers of birds and bats are being killed at wind turbines (Kunz et al. 2007 ). Contributions to the discussion on wind energy and bats in this Special Feature illustrate the growing alarm among bat researchers. Migratory tree bats are among those suffering the most fatalities (Cryan and Barclay 2009; Cryan and Brown 2007; Kunz et al. 2007) , and therefore the feasibility of using wind energy is vigorously debated in respect to bat migration-but unfortunately mostly only among bat researchers. There is already evidence of the migratory bat L. borealis declining in certain areas (Winhold et al. 2008) , and it has been suggested that collisions with wind turbines are a possible cause. Many authors have attempted to explain the strikingly high number of bat fatalities at certain wind energy facilities, including authors of 2 papers in this Special Feature. Cryan and Barclay (2009) review the many hypotheses proposed and suggest further approaches to test them. Baerwald and Barclay (2009) relate intensity of bat activity to geographic variation in the number of bat fatalities in order to predict which locations for wind turbines would be less harmful for bat populations. Nicholls and Racey (2007) recently suggested the use of electromagnetic emissions to reduce bat fatalities at wind turbines after observing reduced bat activity in the vicinities of a strong electromagnetic field. The great responsiveness of the scientific community toward the escalating problem of bat fatalities at wind turbines will, we hope, bring about an effective method of preventing these fatalities without hindering our efforts to slow global warming.
